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The demand for improved quality of borehole measurements requires 
improvement of instrument designs and of data interpretation. One 
important requirement in cased hole surveys is to provide more accurate, 
and more localized inspection of the pipe's wall (1]. In order to 
accomplish this, sensor coils should be located as close to the pipe 
wall as possible. That, in essence, requires the use of an array of 
sensor coils covering the entire circumference of pipe , which may have 
an arbitrary position inside of pipe and, as a result, different axises 
with regard to the exciting coil (Fig. 1). 
FIGURE 1. 
However existing theoretical models [2), [3) deal only with so 
called 'co-axial' design when the exciting and sensor coils have the 
same axis. So there is a definite need to extend those models in order 
to accommodate new requirements. 
For that purpose we use a method developed for a similar situation 
with displaced flat coils [4). First, we present the expressions 
derived in [2] in slightly different form (Fig. 2): 
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FIGURE 2 . 
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Where 
"G1, G2" are functions rela ted to pos it ion of the sensor (Fig. 2) 
"Hu" is distance between axis of the exciting coil and axis 
of the sensor 
Where (Fig. 2) 
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is a frequency of excitatlon: 
is a magnetic permeability of meta l: 
is a magnetic pe rmeability of the free space: 
is an e l ectrical conductivity of metal: 
is an equivalent r adius of the exciting coil determined 
according to [5]: 
is an equi valent radius of the sensor coil a lso 
determined according to [ 5]: 
is a length of exciting coil : 
and where 
and where 
"Lu" 
"R2" 
"Rl" 
q 
is a length of sensor coil: 
is a distance between the exciting coil and the sensor: 
are modified Bessel functions first and second kind 
order zero and one respectively: 
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is inside radius of pipe (Fig. 2) 
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Because we have to deal with quite strong ferromagnetic materials, 
one comment should be made about magnetic permeability: "1.1" could be 
considered as a constant only if the magnetic field in the metal near 
the sensor is less than .1 OE [6]. Basically, this condition is easily 
satisfied in almost any practical situation because the limited space 
inside the pipe (Fig. 2) restricts the ampere-turns that can be 
employed, and therefore strong magnetic field cannot be created. Also, 
because there is always a certain distance between exciting coil and 
sensors, the magnetic field at the sensors is drastically reduced. This 
allows us to operate, in general, within the linear model. 
Now we find explicit expressions for "G1, G2". Similarly to [ 4], 
we take projections of both exciting and sensor coils on "x-y" space and 
present "x" and "y" in parametric form as a function of one parameter 
"t": 
x(t), y(t), O< t <1 (4) 
x(t) = Hu + Ru cos 21Tt (5) 
y(t) = Ru sin 21Tt (6) 
p(t) = I x 2(t) + y 2(t) 
2 2 
= I (L + ~ cos 21Tt) + (~ sin 21Tt) (7) 
(8) 
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and similarly to [4]: 
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The expressions (11-12) present the functions "G1 , Gz" in general 
form where the so called 'traditional' case, considered in [2] and [3], 
is incorporated as a part of it. That can be easily verified on 
assumption that "Hu" equals zero: 
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(13) 
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Now we can obtain general expressions for induced voltage "VBH" for 
an arbitary position of the sensor. Normalizing this voltage to the 
voltage in air "V0 " which also depends upon position of the sensor coil 
we can present the expressions (1) and (2) as: 
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( 16) 
In order to verify the results of calculations for amplitude and 
phase in formulas (15-16) some experiments were conducted. The 
theoretical and experimental results for the amplitude and the phase are 
presented on Fig. 3 and Fig. 4. As can be seen there is very good 
agreement between the theory and experiment for all parameters 
considered which in essence proves the validity of the theoretical 
model. 
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Now, the influence of various parameters on amplitude and phase of 
the induced vol tage by using the express ions (15-16) can be analys ed. 
For that purpose t hey can be divi ded into two dis t inct groups. 
The first group cons titutes parameters of the coils, both exciting 
and sensors, such as their length and equivalent radii, spacing between 
them, distance between the sensor and the pipe's wall, frequency, etc. 
A choice of their values is important in t erms of proper design because 
they determine a ll the technical charac teris t ics of the tool. 
The second gr oup constitutes parameters of the pipe such as its 
magnetic permeability "ll" and electrical conductivity "o " along with the 
wall thickness and ins i de and outside diameters. A proper understanding 
of relationships between induced voltage and parameters of this group is 
important for interpretation of the results of the measurement because 
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these parameters are related to the object of inspection, in this case 
pipe. 
In the first group we found that the spacing between coils, as well 
as the frequency, has the most significant influence on both normalized 
amplitude and phase (Fig. 5 and 6) of the induced signal. (This does 
not mean that other parameters like radii of the coils or their lengths 
are unimportant. These parameters, along with others, primarily 
determine absolute values of the amplitude of the induced voltage and 
the voltage in air. These are sufficient to make the necessary 
measurements, while their product, like normalized amplitude, remains 
unchanged.) This conclusion has been essentially confirmed by 
experimental results presented in (1]. 
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As for the second group, the influence of magnetic permeability on 
amplitude and phase has been studied in [S]. It has been shown that 
changes in permeability (generally identified with different grades of 
pipe) effect significantly both the normalized amplitude and phase of 
the induced signal. It has also been demonstrated that in order to 
separate wall thickness changes from changes in magnetic permeability or 
electrical conductivity a multi-frequency system must be used. 
In many practical cases wall thickness measurements are the most 
important to the user. Although any change in the wall thickness can be 
expressed as a change either in "ID" (Inside Diameter) or "OD" (Outside 
Diameter), sometimes it is necessary to distinguish between the two. In 
most cases changes in "OD" and "ID" are practically indistinguishable 
either in amplitude or phase, especially with high frequencies and _big 
spacing between coils. However for the smaller spacings there are some 
differences between "OD" and "ID" amplitude and "OD and "ID" phase 
characteristics (Fig. 7 and Fig. 8). 
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FIGURE 7. NORMALIZED AMPLITUDE 
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Essentially the same but experimental results were presented in [7], 
however, no explanation was given. Hence some comments need to be made 
with regard to this phenomena. First, it seems those differences have 
something to do with different distances between coils and metal because 
changes of inside diameter are, in effect, changes in that distance. 
This explains why we see the differences in characteristics only with 
the smaller spacings between coils, where the influence of that distance 
is greater. Similar things are observed when the frequency is 
changed. This means, that in order to discriminate between variations 
in inside and outside diameters, shorter distances between coils and 
lower frequencies might be indicated. However, that is not always the 
best way · to proceed because by reducing spacing and frequency we usually 
reduce changes in informational characteristics, like amplitude or 
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phase, caused by those variations. So in general, if there is a need to 
separate information about "OD" and "ID" changes, multi-frequency or 
multi-coil system might be preferred. 
Another conclusion is that the influence of spacing, frequency, 
magnetic permeability and electrical conductivity on both amplitude and 
phase are quite similar. This gives, on the one hand, a certain degree 
of freedom to achieve desirable characteristics, but on the other hand, 
makes the interpretation of results more difficult. 
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